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Abstract: The exposure of Al−5Cu alloy to an external stress with normal aging was carried out. The effects of external stress-aging 
on the morphology and precipitation behavior of θ'' phase were investigated by transmission electron microscopy (TEM), differential 
scanning calorimetry (DSC) and first principle calculation. The size of the θ'' phase precipitated plates in stress-aging (453 K, 6 h, 50 
MPa) is 19.83 nm, which is smaller than that of those present (28.79 nm) in stress-free aging (453 K, 6 h). The precipitation process 
of θ'' phase is accelerated by loading external stress aging according to the analysis of DSC results. The apparent activation energy 
for the external stress-aging is 10% lower than the stress-free one. The first principle calculation results show that the external stress 
makes a decrease of 6% in the interface energy. The effects of the stress on aging process of the alloy are discussed on the basis of 
the classical theory. The external stress changes the morphology and precipitation behavior of θ'' phase because the critical nucleation 
energy is decreased by 19% under stress aging. 
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1 Introduction 
 

Precipitation strengthening via aging treatment is an 
important technique of enhancing the mechanical 
properties of age-hardenable aluminum alloys [1,2]. And 
the age-hardening response is mainly dominated by the 
precipitation behavior and the morphology of the 
meta-stable and stable precipitation phase [3]. As a 
typical type of age-hardenable aluminum alloy, 2xxx 
series Al−Cu alloy presents one of the most famous 
examples with the aging precipitation sequence 
(supersaturate solid solution−G.P. zone−θ″ phase−θ' 
phase−θ phase) [4,5]. And the θ″ phase is considered to 
be the first independent precipitation phase [6]. The 
previous works were focused on the optimization of the 
age-hardening response by changing the aging 
processing parameters and the alloy composition [7−10]. 

A few yeas ago, a novel external stress aging 
combing the external stress-field and traditional artificial 
aging was conducted into the age-hardenable alloy to 
improve the mechanical properties and the process of 

integral manufacture [11]. The precipitation phase 
morphologies of the super-alloy [12] and the zircaloy [13] 
were reported under external stress aging. HOSFORD 
and AGRAWAL [14] firstly introduced this technique 
into the processing of aluminum alloy and CHEN et al 
[15] found the microstructure of the precipitation phase 
existing to be anisotropic or stress-orientation effect. 
ZHU and STARKE [16] considered that this 
stress-oriented phenomenon depended on the alloy 
composition, aging parameters and the stress level. The 
possible explanations [15,16] of this phenomenon were 
the atomic diffusion and the precipitation/matrix lattice 
misfits. However, these explanations were not fully 
accepted since the explanations cannot satisfy all the 
reported results. 

Generally, the energy of matrix and interface 
influences significantly the precipitation nucleation− 
growth behavior according to the classical 
transformation theory. But the hypothesis explanations 
mentioned above have not still given a clear description 
for the interface energy between precipitation phase and 
matrix under external stress because the evaluation of the  
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interface energetic would be a challenge for the 
experimentalists. The first principle calculation is a 
useful method to investigate the energetic properties on 
the bulk material and interface between the secondary 
phase and matrix [17]. 

The aims in this work are to investigate the 
precipitation behavior and morphology of the θ″ phase 
under different external stress levels by DSC and TEM 
characterization methods. The effect of potential change 
of external stress on the interface energy and the critical 
nucleation energy is assessed by the first principle 
calculation based strategy according to the classical 
nucleation theory. 
 
2 Experimental and computational method 
 

The material used in this study was an Al−Cu alloy 
melted by induction furnace. The chemical composition 
of the alloy is listed in Table 1. 
 
Table 1 Chemical composition of nominal Al−5Cu alloy (mass 
fraction, %) 

Cu Mg Mn Fe Si Zn Al 

4.99 0.01 0.008 0.01 0.026 0.012 Bal. 
 

The ingots of the alloy were broken-down and 
rolled to sheets with the thickness of 2 mm. The sheets 
were solution heat treated at 773 K for 1 h, followed by 
water-quenching, and the sheets were then subjected to 
the external stress aging. The temperature for the 
external stress aging was determined as 453 K and the 
external stress levels were 0, 50 MPa (50 MPa was in the 
elastic load period according to the stress−strain curve 
yet). Hardness measurement was applied to determining 
the peak-aging time for each aging condition. The load 
for the hardness measurement was 1500 g. The TEM 
specimens of 3 mm in diameter were electro-polished 
with 30% nitric acid and 70% methanol solution at 253 
K. TEM observation was performed on FEI Tecnai G2 20 
transmission electron microscope operated at 200 kV. 
Differential scanning calorimetry (DSC, NETZSCH 
DSC 200 F3) was performed on the specimens to 
investigate the transformation temperature and the θ″ 
phase precipitation behavior under different heat rates  
10, 15, and 20 K/min. The first principle calculation was 
applied to determining the interface energy between Al 
matrix and the θ″ phase. All these calculations (including 
the bulk property optimization, the activity of Cu in Al 
under stress/strain and the interface energy as mentioned 
above) were determined by the Vienna ab initio 
simulation package (VASP) [18]. The parameter of the 
K-point mesh was followed by the energy convergent 
principle. The interface model (including a 12Å vacuum 
layer) is schematically shown in Fig. 1. 

 

 

Fig. 1 Al matrix/precipitation θ″ phase interface model 
 
3 Results and discussion 
 
3.1 Age-hardening response and morphology of 

precipitation under external stress 
The hardness versus aging−time curves under 

different external stress levels are exhibited in Fig. 2. 
The peak-aging time is 6 h from the curves and it shows 
that the peak-aging time is irrelevant with the external 
stress 50 MPa since it is in the elastic stress range which 
would only produce a strain at 0.006. During the 
under-age period, the hardness values of all different 
external stress levels samples are improved dramatically 
since the amount of the meta-stable phase precipitated 
from the supersaturated solid solution. Additionally, the 
major precipitation phase in this period is θ″ phase (the 
nominal composition of the θ″ phase is Al3Cu) according 
to the 453 K aging temperature. Meanwhile, the higher 
external stress-level sample had the higher hardness 
compared with 0 stress level (or stress-free aging). It 
means that the external stress makes the precipitation 
response more significantly and rapidly. The traditional 
precipitation strengthening view holds that the strong 
precipitation response is caused by the decreasing of the 
precipitation barrier energy [5]. Generally speaking, the 
external stress is considered to be a sort of energy source 
to have an impact on the aging processing response. 
 

 
Fig. 2 Age-hardening curves of Al−5Cu alloy at 453 K 
 

The TEM microstructure and the corresponding 
selected area electron diffraction patterns of θ″ phase for 
all samples in the peak-aging condition are shown in  
Fig. 3. Along the {100} zone axis of the electron beam, 
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the bright field image shows two “edge-on” {100} 
variants of the θ″ phase plates with the stress-free level 
(0). However, the external stress-aged (453 K, 50 MPa) 
sample obtained a stress-orientation precipitation 
phenomenon that only one variant of the θ″ phase plate is 
visible. It would be in an agreement with the previous 
work [16]. 
 

 
Fig. 3 TEM images of θ″ phase and its selected area electron 
diffraction patterns of alloy aged at 453 K for 6 h under 0 (a) 
and 50 MPa (b) external stress levels 
 

It is clearly observed that the morphology of the θ″ 
phase under higher stress level is quite different that 
under the stress-free ones. The θ″ phase in higher stress- 
level (50 MPa) sample is finer than that in stress-free (0) 
aged sample; the volume fraction of the θ″ phase is 
higher than that in stress-free aging condition. So, the 
finer and more volume fraction θ″ phase under external 
stress contributed to the precipitation strengthening 
effect, resulting in the improvement of hardness. 

Additionally, 4−6 bright-field TEM photographs 
(about 1000 θ″ phase plates counted) in peak-aging 
condition were used to make a precipitation phase length 
distribution statistics figure and evaluate the effect of 
external stress (0, 50 MPa) aging on the morphology of 
θ″ phase by quantitative method. The precipitation phase 
length distribution statistics is exhibited in Fig. 4. The 

average θ″ phase length under 50 MPa external stress 
level is determined as 19.83 nm while the result for 
stress-free aging is 28.79 nm. According to Fig. 4, 
external stress makes the θ″ phase plate length smaller, 
and the mode zone move from 30 nm to 20 nm in 
statistics distribution level. This implies that the external 
stress would promote the nucleation of θ″ phase, 
resulting in the formation of finer and more θ″ phase. 
 

 

Fig. 4 θ″ phase plate length distribution (number fraction) 
counted by TEM images  
 
3.2 θ″ phase precipitation behavior under external 

stress 
The DSC (heat flow) curves under all different 

external stress levels at heating rate of 15 K/min are 
displayed in Fig. 5. The endothermic peak1 (peak 1a and 
peak 1b) and the exothermic peak 2 (peak 2a and peak  
2b) correspond to the G.P. zone’s dissolution period and 
the θ″ phase precipitation transformation, respectively, 
according to the work by HAYOUNE and HAMANA 
[19]. 

The exothermic peak 2b moves to the lower 
temperature since the precipitation behavior is influenced 
by the external-stress. Similarly, the endothermic peak1 
shifts to the higher temperature because an amount of the 
G.P. zone is too little to detect in lower temperature. The 
θ″ phase precipitation rate results are shown in Fig. 6. 
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This supports the consideration that the sample under 
external stress has more amounts and quick precipitation 
of θ″ phase. 
 

 
Fig. 5 DSC curves of samples at peak-aged condition under 
external stress  
 

 
Fig. 6 Precipitation rate curves of samples under external stress 
 

Furthermore, the apparent activation energy is 
determined according to the Kissinger method [20,21], as 
shown in Eq. (1), which can be used to evaluate the 
precipitation ability. 
 

k
2

1ln
E

C
R TT

β⎛ ⎞
= − +⎜ ⎟⎜ ⎟

⎝ ⎠
                        (1) 

 
where β is the heating rate; T is the temperature at the 
DSC heat flow curve peak; Ek is the activation energy; R 
is the gas constant; C is the integration constants. 

With the different heating rates (β= 10, 15 and 20 
K/min) and the peak (the exothermic peak 2) temperature 
Tp listed in Table 2, the scatter plot of ln(β/Tp

2) vs (1/Tp) 
is shown in Fig. 7. The apparent activation energy under 
50 MPa stress-aging is 90.1 kJ/mol and the activation 
energy is 99.2 kJ/mol in stress-free aging condition from 
Fig. 7, respectively. The apparent activation energy for 
the external stress aging is about 10% lower than that for 

the stress-free aging. It would be a strong evidence to 
show that the precipitation behavior is accelerated by 
external stress. 
 
Table 2 Activation energies of θ″ phases obtained by Kissinger 
method 

External 
stress/MPa 

β/ 
(K·min−1)

Tp/K 
Activation 

energy/(kJ·mol−1)

10 540.1  

15 551.3 99.2 0 

20 555.2  

 10 519.1  

50 15 531.9 90.1 

 20 533.9  

 

 
Fig. 7 Plots of ln(β/Tp

2) versus 1/Tp for θ″ phase precipitation 
under external stress  
 
3.3 Interface energy and critical nucleation energy 

calculations under external stress aging 
According to the classic nucleation theory, the 

driving force is the change of the system Gibbs free 
energy, and the main obstruction in this case is interface 
energy. The nucleation energy for age-hardening 
aluminum alloy could be determined according to    
Eq. (2): 
 

γrEErW 2
strainchem

3
r π4)(

3
π4

+Δ+Δ=            (2) 
 
where Wr is the nucleation energy; r is the nucleation 
radius; ΔEchem is the chemical potential; ΔEstrain is the 
strain energy; γ is the interface energy between 
precipitation phase and the matrix. And the critical 
nucleation energy could be expressed as Eq. (3) when the 
critical nucleation radius r* is determined. 
 

2
elasticchem

3
*

)(3
π16)(

FF
rWr

Δ+Δ
=

γ               (3) 

 
The chemical potential change (ΔEchem) under 
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external stress (transforming into strain (ε)) can be 
obtained by Eq. (4) according to the work of RAVI et al 
[22] where the μ is the chemical potential. And the 
results are listed in Table 3 according to the first 
principle calculation method. The change in chemical 
potential is not apparent according to the calculation 
results. 
 

+=Δ ))(CuAl()( 3chem εεE μ  
))(CuAl())(Al()331( 31 εε μμ −−              (4) 

 
Table 3 Results of chemical potential and chemical potential 
change 

External strain/ 
stress level 

μ(Al3Cu)/ 
eV 

μ(Al)/ 
eV 

μ(Al31Cu)/ 
eV 

ΔEchem(ε)/
eV 

0 −30.6519 −3.7446 −119.9346 −15.5671

0.002 −30.6518 −3.7445 −119.9315 −15.5662

0.004 −30.6517 −3.7441 −119.9194 −15.5665

0.006 −30.6512 −3.7434 −119.8985 −15.5678

 
The change of the elastic strain energy (ΔEstrain) 

could be described by the Eshelby’s elastic inclusion 
model [23] and the mathematic expression is shown as 
Eq. (5). 
 

2
strain EδE −=Δ                               (5) 

 
Under stress-free aging condition, the misfit δ could 

be determined as −0.052 between θ″ phase [24] and 
matrix, the calculated elastic modulus is 77 GPa. 
However, the misfit δ was determined to be −0.058 under 
50 MPa external stress. Therefore, the elastic strain 
energy would be similar for the all external stress levels 
(0, 50 MPa) to some extent. This means that lower 
external stress level has little influence on the strain 
energy. 

The interface energy can be expressed as Eq. (6). 

−−−=
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3
1( Alin Cu CuCuAlin  AlCuAlin Cu 33

αμ KTεNN +−  

 (6) 
where A is the area defined in the interface model; E0 is 
the total energy of interface model; μi and Ni are the 
chemical potential and the atom number of species i, 
respectively; ε is the applied strain under external stress; 
αCu in Al is the activity of Cu in Al matrix; αCu in Al can be 
determined as shown in Fig.8 according to Ref. [25]. 

The interface energy is calculated by the first 
principle calculation (VASP software packages), and the 
interface energy results in different strains are shown in 
Fig. 9. The results show that the interface energy 

decreases gradually by the effect of the external 
stress/strain from 0.88 J/m2 to 0.82 J/m2. As a result, the 
influence of external stress is more significant on the 
interface energy than on the chemical potential and the 
elastic strain energy. When the aging temperature is 453 
K, the critical nucleation energy under 50 MPa external 
stress level is 19 % lower than that under level 0 
according to Eq. (3). And the precipitation behavior 
under external stress could be stimulated as the 
nucleation energy becomes low. The θ″ precipitation 
phase would be finer and the precipitation processing 
would be easier, which is supported by the experiment 
results. 
 

 
Fig. 8 Calculated activity αCu in Al under different strain/stress 
levels 
 

 
Fig. 9 Calculated interface energy and nucleation energy 
change in all strain/stress levels 
 

In addition, it is implied that the interface energy is 
the major factor to influence the nucleation processing. 
The change of the critical nucleation energy is larger 
than that of the apparent precipitation activation energy 
since the effect of the external stress would be different 
during the coarsening processing of precipitation. 
 
4 Conclusions 
 

1) The applied external stress contributes to the 
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improvement of hardness of Al−Cu alloy. The size of θ″ 
phase under 453 K, 6 h, 50 MPa stress aging is 19.83 nm, 
which is smaller than that of the θ″ phase (28.79 nm) in 
stress-free condition (453 K, 6 h). 

2) The precipitation process of θ″ phase is 
accelerated by external stress aging according to the shift 
of the DSC heat flow exothermic peak. And the 
precipitation under 50 MPa stress is dramatically 
accelerated compared with the stress-free aged one. The 
apparent activation energy for the external stress-aging is 
90.02 kJ/mol, 10% lower than that for stress-free aging. 

3) The first principle calculation results show that 
the external stress has an obvious influence on the 
interface energy. The interface energy under external 
stress condition is 0.82 J/m2, 6% lower than the interface 
energy (0.88 J/m2) in stress-free aging condition. The 
critical nucleation energy is 19% lower than that in 
stress-free aging condition. The change of nucleation 
energy determines the precipitation behavior and 
morphology of θ″ phase. 
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外场应力对 Al−Cu 合金中 θ″相形貌及 
析出行为的影响 

 
傅 上 1,2，易丹青 1,2，刘会群 1,2，江 勇 1,2，王 斌 1,2，胡 湛 1,2 

 
1. 中南大学 材料科学与工程学院，长沙 410083； 

2. 中南大学有色金属材料科学与工程教育部重点实验室，长沙 410083 

 
摘  要：对 Al−5Cu 铝合金在时效过程中施加弹性加载，并采取透射电镜、热分析研究外应力时效作用下 θ″析出

相的形态和析出行为。结果表明：在 50 MPa 的外力作用下，在 453 K 时效 6 h 后的析出相尺寸是 19.83 nm，小

于其常规时效( 453 K，6 h)的尺寸 28.79 nm。热分析结果揭示施加应力后时效析出过程得到促进，同时析出激活

能结果表明外应力作用使得激活能下降 10%。第一性原理计算结果发现，外应力作用使得析出相与基体的界面能

下降 6 %；结合经典形核相变理论分析讨论，临界形核功受到外应力作用下降 19 %，从而引起了析出相形态和析

出行为的改变。 

关键词：Al−Cu 合金；应力时效；形态；析出行为；第一原理计算；界面能 
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